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Weak localization in ferromagnetic (Ga,Mn)As nanostructures
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We report on the observation of weak localization in arrays of (Ga,Mn)As nanowires at millikelvin
temperatures. The corresponding phase coherence length Lφ is typically between 100 nm and 200
nm at 20 mK. Strong spin-orbit interaction in the material is manifested by a weak anti-localization
correction around zero magnetic field.
PACS numbers: 73.43.Jn, 72.25.Dc, 73.43.Qt
Quantum corrections to the resistance like weak local-
ization are suppressed by a sufficiently strong perpen-
dicular magnetic field B [1]. Hence the question arises
whether such effects can be observed in ferromagnets
which have an intrinsic magnetic induction. While few
experimental works explored this problem [2, 3], a defi-
nite experimental answer is still lacking. Hence, the ad-
vent of the new ferromagnetic semiconductor material
(Ga,Mn)As with significantly smaller internal field com-
pared to conventional ferromagnets offers a new oppor-
tunity to address such questions. Ferromagnetic semi-
conductors like (Ga,Mn)As [4] are interesting materials
for spintronics as well, as they combine ferromagnetic
properties with the versatility of semiconductors [5]. The
spin 5
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-Mn-ions on regular sites of the zinc-blende lattice
of the GaAs host act as acceptors thus providing both
holes and magnetic moments. The ferromagnetic order
between the Mn-ions is mediated by these holes [6]. By
now ferromagnetism in (Ga,Mn)As is well understood,
allowing to predict Curie temperatures [6], magnetocrys-
talline anisotropies [7] as well as the anisotropic magne-
toresistance effect [8]. In this respect (Ga,Mn)As is one
of the best understood ferromagnetic materials at all [9]
and hence suitable as a model system to study quantum
corrections to the conductivity.
Interference effects originating from the charge carri-
ers’ wave nature are barely explored and understood in
ferromagnets in general and in (Ga,Mn)As in particu-
lar. To this class of effects belong universal conductance
fluctuations (UCF) [10], the Aharonov-Bohm (AB) effect
[11], weak localization (WL) [1], weak anti-localization
(WAL) [1] and conductivity corrections due to electron-
electron interactions (EEI) [12]. Recently the existence
of AB oscillations in ferromagnetic rings was predicted
theoretically [13] and subsequently observed in ferromag-
netic Fe19Ni81- [14] and in (Ga,Mn)As-nanorings [15].
In (Ga,Mn)As the phase coherence length was extracted
from UCFs in nanowires giving typical values between
90 nm and 300 nm at 20 mK [15, 16]. This raises the
question whether WL corrections - or WAL effects - can
be observed in ferromagnetic (Ga,Mn)As, a material in
which the spin-orbit (SO) interactions for holes in the
valence band is quite strong.
Below we report the observation of WL and WAL in
ferromagnetic (Ga,Mn)As-wires and films thus demon-
strating that WL is not destroyed by the ferromagnets’
magnetization. The effect of WL in disordered electronic
systems - investigated intensively in the past for non-
ferromagnetic materials [17] - is due to quantum inter-
ference of two partial waves traveling the same loop type
of path in opposite directions. This leads to an enhanced
probability of backscattering. As an applied perpendic-
ular B-field suppresses the WL the magnetoconductance
is positive [1]. In the presence of SO interaction the spin
part of the wave function needs to be taken into account.
The two partial waves on time-reversed closed paths ex-
perience a spin rotation in opposite direction causing
(partially) destructive interference [1]. So SO interac-
tions leads to reduced backscattering and reverses the
sign of the WL, hence called weak anti-localization. A
typical signature of WAL is a double dip in the magne-
toconductance trace [1].
For the experiments two wafers having a 42 nm and
a 20 nm thick (Ga,Mn)As layer were used. Both were
grown by low-temperature molecular beam epitaxy de-
posited on semi-insulating GaAs(001) [18]. The nominal
Mn concentration of the 42 nm layer was 5.5 %, of the
20 nm layer 5 %. The Curie temperature TC of the as
grown layer was 90 K (42 nm) and 55 K (20 nm), respec-
tively. The samples’ remanent magnetization was always
in-plane. Some of the samples were annealed at 200 ◦C
increasing both carrier density and TC [19]. To investi-
gate phase coherent properties Hall-bar mesas, individual
nanowires and arrays of wires were fabricated employing
optical and electron beam lithography. For nanowire fab-
rication we used a scanning electron microscope equipped
with a nanonic pattern generator and subsequent reac-
tive ion etching. Au contacts to the devices were made
by lift-off technique. The characteristic parameters of the
samples investigated are listed in Tab. I.
Magnetotransport was measured in a top-loading di-
lution refrigerator. To avoid heating, we used a low fre-
quency (19 Hz) and low current (25 pA to 200 pA) four
probe lock-in technique. As we see no effects of satura-
tion for the different experiments (UCF, WL and conduc-
tivity decrease) at low T , we assume that the effective
2Sample 1a 2 2a 3 4
L (µm) 60 7.5 7.5 7.5 0.37
w (nm) 7200 42 42 35 35
t (nm) 20 42 42 42 42
Number of wires N 1 25 25 12 1
tanneal at 200
◦C (h) 8.5 - 51 - -
n (1026/m3) 1.7 3.8 9.3 3.8 3.8
ρ (10−5 Ωm) 13 3.5 1.8 3.5 3.5
TC (K) 95 90 150 90 90
TABLE I: Length L, width w and thickness t of the samples.
Some of the samples were annealed at 200 ◦C. Resistivity ρ
and carrier concentration n were taken at T = 300 mK.
electron temperature is in equilibrium with lattice and
bath temperature even at 20 mK.
To search for WL effects in (Ga,Mn)As wires we mea-
sured the resistance of N parallel wires to suppress UCFs
by ensemble averaging. A corresponding micrograph of
sample 2 with 25 wires is shown in Fig. 1a. The sam-
ple’s conductance as a function of a perpendicular B field
is shown in Fig. 1b. First we start with a description
of the dominant features observed in experiment. The
pronounced conductance maxima around B ∼ 0 are due
to the anisotropic magnetoresistance (AMR) effect [8].
For an in-plane magnetization the conductance is higher
than for an out of plane orientation of M [4]. The con-
ductance drops with the growth of the magnetization’s
out-of-plane component and saturates onceM is oriented
normal to the surface. The positive slope of the con-
ductance for still higher B is due to increasing magnetic
order [21]. For temperatures larger than ∼ 90 mK the
different G(B) traces are shifted but without noticeable
change of shape. The decreasing G for decreasing T in
Fig. 1b stems from the usual low T behavior of the
resistance in (Ga,Mn)As which is plotted in Fig. 1c.
With decreasing T the resistance rises both for wires
(Fig. 1c) and extended (Ga,Mn)As films (not shown)
and is ascribed to EEI. Similar low T behavior has been
reported previously for conventional ferromagnets, too
[3, 23]. According to theory [24] the EEI conductivity
correction for 1D systems goes with −T−1/2, for 2D sys-
tems with ln(T ). The corresponding conductance correc-
tion ∆σ = σ(T )− σ(50mK) of our sample 2, taken at B
= 0 and at B = 3 T is plotted in Fig. 1d vs. T−1/2. The
resulting straight lines for both B values demonstrate the
expected T dependence, prove that the correction is in-
dependent of B and hence suggest that EEI is indeed
accountable for the conductance decrease at low T. For
the 2D sample 1a, ∆σ was best described by a ln(T ) de-
pendence (not shown), as expected for EEI in 2D. The
novel features which are in the focus of this letter appear
at still lower temperatures. At about 50 mK two down-
ward cusps at about ±0.4 T start to become noticeable
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FIG. 1: (a) Electron micrograph of sample 2 with 25 1D-wires
in parallel. (b) Conductance of sample 2 for different temper-
atures measured in a perpendicular magnetic field. To remove
the Hall-conductance in this sample, the antisymmetric part
of the conductance was subtracted [22]. The magnetic field
range where the magnetization is rotated from in-plane to
out-of-plane is grey-shaded. (c) Increase of resistance with
decreasing temperature. This increase stems from EEI as
proven by the −T−1/2 power law for 1D-systems at B = 0
and B = 3 T in (d). Here, ∆G is taken relative to the con-
ductivity at 50 mK.
and have developed to a prominent feature at 20 mK.
To separate the peculiar low T conductance fea-
tures from the ”high temperature” background, ∆G =
G(20 mK) − αG(120 mK) of four samples was taken
and plotted in Fig. 2. The factor α takes the T
dependence of G into account and is given by α =
G(20 mK)/G(120 mK). We note, though, that putting
α = 1 does not change ∆G qualitatively as the conduc-
tance change is only ∼ 10%. To compare the different
samples, ∆G was normalized by the number of parallel
wires, N. All traces in Fig. 2 show a characteristic broad
conductance minimum for |B| <1 T and a local maxi-
mum at B ∼ 0 T. Such ∆G(B) line shapes are charac-
teristic for WAL in systems with spin orbit interaction.
To extract the characteristic lengths from the WL cor-
rection we compare the data of Fig. 2 with existing the-
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FIG. 2: WL contribution for three wire and one 2D sample
obtained after subtracting the 120 mK trace as background
conductance. To compare the different samples the total ∆G
was divided by the number of parallel wires. In case of the 2D-
sample 1a ∆G was divided by 15 to fit into the graph. Again
the grey shaded B -range corresponds to the regime where the
samples’s magnetization follows the external field and changes
direction. The red lines are best fits to Eq.(1), discussed in
the text. The fit parameters were Lφ = 190 nm and LSO =
85 nm for sample 2a, Lφ = 150 nm and LSO = 70 nm for
sample 2 and Lφ = 160 nm and LSO = 70 nm for sample 3.
Fitting the 2D sample requires a different formalism which is
beyond the scope of the present work.
ory. In Fig. 3a we particularly compare the WL correc-
tion of sample 3, with the standard expression for WL
correction in 1D. Since the width w and thickness t of
our wires are smaller than the phase coherence length Lφ,
w ∼ t < Lφ << L holds and the 1D assumption is jus-
tified. The corresponding equation for the conductance
correction reads [25, 26]:
∆G = gs
e2
h
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
 , (1)
where gs is the spin degeneracy. Here, LSO =
√
DτSO
is the spin-orbit length that characterizes the strength of
spin orbit coupling, Lφ =
√
Dτφ, and LH =
√
~/eB is
the magnetic length. Eq. (1) is fitted to the WL data in
Fig. 3a for sample 3. As the valence band is spin split,
the holes are highly spin polarized [27]. To account for
spin splitting we use either gs = 1 (fully spin polarized) or
gs = 2 (spin degenerate) as adjustable parameter. While
the fit for gs = 1 nicely matches the conductance minima
at ±400 mT as well as the conductance correction ∆G
the fit for gs = 2 is less satisfying. The parameters used
for the fit were Lφ = 160 nm, LSO = 70 nm for gs = 1
and Lφ = 90 nm, LSO = 38 nm for gs = 2 respectively.
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FIG. 3: (a) WL correction of sample 3 fitted with the standard
1D WL theory (Eq. 1) for spin degeneracy gs = 1 (red) and
gs = 2 (blue). The parameters used for the fit were Lφ = 160
nm, LSO = 70 nm for gs = 1 and Lφ = 90 nm, LSO = 38 nm
for gs = 2, respectively. (b) UCFs measured in an individual
1D-wire made from the same material (sample 4). An electron
micrograph of the wire is shown in the lower left inset. The
grey shaded regime again corresponds to the magnetic field
range where M changes direction. The upper inset shows
the low field UCFs in a expanded magnetic field scale. The
temperature dependence of δG , extracted from the low-field
fluctuations, is shown in the lower right inset.
Also the WL data of the other samples can be nicely
modeled by Eq. (1) and gs = 1; the corresponding fits
and parameters are given in Fig. 2.
The size of the weak (anti)-localization contribution
in Fig. 2 and Fig. 3a is quite nicely fitted by two pa-
rameters, the phase coherence length Lφ and the spin
orbit length LSO which is the characteristic length on
which spin flip occurs due to SO interaction. Lφ can
be extracted independently from UCFs measured on in-
dividual 1D-wires [15, 16], so that essentially only one
free parameter prevails. To study UCFs we fabricated
a single wire, w = 35 nm wide and L = 370 nm long,
from the same material as sample 2 and 3 (sample 4
in Tab. 1). A corresponding electron micrograph is
shown as lower left inset in Fig. 3b. G(B) was mea-
sured in a perpendicular B -field from -3 T to 3 T for
T between 20 mK and 1 K (for details see [15]). Cor-
responding data taken at 20 mK show pronounced, re-
producible UCFs, displayed in Fig. 3b. The root mean
square amplitude δGrms =
√
〈(G − 〈G〉)2〉 of these fluc-
4tuations is connected with Lφ and the wire length L by
δGrms ≈ (e2/h)(Lφ/L)3/2f(Lφ/LSO) [28, 29]. The func-
tion f(Lφ/LSO) takes spin-orbit interaction into account.
For Lφ/LSO ∼ 2.3 we obtain f(Lφ/LSO) ∼ 0.53 [28].
Extracting Lφ from δGrms, taking only the fluctuations
between ±400 mT in Fig. 3b into account, results then in
Lφ ∼ 120 nm. The temperature dependence of δGrms,
also taken between ±400 mT is displayed in the lower
right inset of Fig. 3 and shows the characteristic power
law dependence [15]. The value of the phase coherence
length, extracted independently from UCFs, is thus in
surprisingly good agreement with the ones used to fit
the WL correction. Hence our analysis suggests that the
spin-orbit length LSO ranges between ∼70 nm and ∼85
nm in our devices.
While WAL was observed e.g. in non-magnetic p-
type (Al,Ga)As/GaAs quantum wells [30] or in (In,Ga)As
quantum wells [31] the observation of WAL-signature in
ferromagnetic (Ga,Mn)As comes as a surprise. A re-
cent theory suggests the processes, leading to WAL in
nonmagnetic systems, to be totally suppressed in fer-
romagnets [32]. In this theory, both the effect of SO
scattering from defects as well as the presence of the
Bychkov-Rashba term was taken into account. The sup-
pression of WAL in ferromagnets is due to the strong
magnetic polarization which excludes contributions from
the so-called singlet Cooperon diagrams, responsible for
anti-localization. As a consequence, the quantum correc-
tion to G is expected to be exclusively negative in ferro-
magnets, leading to positive magnetoconductance. This
clearly contradicts our experimental observation.
While the fits in Figs. 2 and 3a are in good agreement
with experiment for |B| < 400 mT the concordance at
larger B is less perfect. The WL/WAL correction is,
as a function of increasing B, more abruptly suppressed
than expected from theory. There is a striking corre-
lation with the magnetic field dependence of the AMR
effect. The magnetic field region where the AMR occurs
is highlighted by grey shading in Fig 1b, 2, 3a and 3b.
Within this B -field range the magnetization is rotated
from in-plane to out-of-plane. Once the magnetization
is out-of-plane the WL correction drops quickly. In the
same B-field range the fluctuations of an individual wire
show a reduced correlation field BC . Corresponding data
are displayed in Fig. 3b, magnified in the upper inset.
Similar behavior was observed in previous experiments
on samples with in-plane easy axis [15, 16] and ad hoc
ascribed to the formation of domain walls in [16]. Though
we can not exclude such a scenario we note that BC is
not a well defined quantity in the regime where the (mag-
netic) configuration changes.
The observation of WAL, contrary to theoretical ex-
pectation, the abrupt suppression of the WL correction
once the magnetization is saturated as well as the anoma-
lous BC in the low B -regime suggest that some impor-
tant ingredients are still missing to describe interference
phenomena in (Ga,Mn)As. This is not too surprising
as neither the field dependent change of the magnetiza-
tion direction nor the 3
2
-spin of the involved hole states
was taken into account. Especially the latter could add
a number of additional interference diagrams not yet
treated theoretically.
In summary we have shown that quantum inference
effects strongly affect the low temperature conductance
of ferromagnetic (Ga,Mn)As. Electron-electron interac-
tion was identified as origin of the decreasing zero-field
conductivity. By resolving a clear weak localization sig-
nature we demonstrate that interference due to scatter-
ing on time reversed paths can exist also in ferromag-
netic materials with internal magnetic induction. The
corresponding phase coherence length Lφ in our mate-
rial, defining the maximum enclosed area, is between 100
nm and 200 nm at 20 mK and agree with the values
extracted from UCFs. The strong spin-orbit interaction
in (Ga,Mn)As is manifested by a weak anti-localization
contribution at low B.
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